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An Anatomically Detailed Arterial Network ModelI. INTRODUCTION S INCE the 1950s, there have been increasing efforts to develop computational models and simulation-based techniques to assess physiological and pathophysiological conditions accounting for the multiple time scales and levels of spatial organization present in the cardiovascular system (CVS). Applications such as diagnosis, treatment and surgical planning have been enormously benefitted from these complementary tools [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
It has also been recognized in the scientific community that an integrative approach to the modeling of the CVS would have to be able to model and simulate the mutual interactions between phenomena taking place at these different time and spatial scales, going from genes expression to the whole organism functioning [13] . As a consequence, it would be possible to have at hand more adequate patient-specific diagnoses and patientgeneric treatment of cardiovascular diseases [14] .
With the rapid growth in computational resources, models have evolved in sophistication from compartmental to distributed models. Although the study of several cardiovascular diseases requires fully detailed description of the blood flow, to date, 1-D modeling constitutes the preferred approach to simulate systemic interactions, which determine pressure and flow rate waveforms, providing an accurate description of the behavior of the CVS at a reasonable cost.
From pioneer works studying the basic theoretical ingredients [15] [16] [17] [18] [19] , going through the early developments of topological descriptions of the CVS [20] [21] [22] [23] [24] [25] , subsequent improvements and alternatives [26] [27] [28] [29] [30] , and finally, reaching incontestable in vitro validations and in vivo verifications [31] [32] [33] [34] [35] , as well as in silico comparisons against 3-D models [36] , 1-D models of the arterial blood flow have had a prolific existence. In fact, the 1-D model is starting to be used as baseline model to test data assimilation techniques for parameter estimation [37] . Should this combination is proved successful, it can be a powerful tool for the development of accurate patient-specific models for surgical procedures (see, for instance, [9] , [10] and [38] ).
Specifically, the features of a 1-D model can be classified in terms of several attributes (see [34, Table 1] ). This classification can be split into two main branches: 1) modeling ingredients, such as arterial wall behavior, shear stress formulation, treatment of the convective acceleration, outflow conditions and 2) topological features, which basically consists of the degree of completeness in the description of the arterial vessel connectivity in the model. Anticipating what is to come in the next paragraphs, this paper contributes to the latter point.
A combination of the branching structure of the CVS and of the blood flow distribution to organs is responsible for the reflections pattern. This complex architectural assembly of compliant tapered pipes, combined with dissipation effects, yields a pressure pulse with marked differences when moving distally, from central to peripheral arteries. The reason to develop a detailed description of the cardiovascular network lies on multiple and diversified motivations. Compulsorily, when a more accurate analysis of the systemic interactions is sought, a higher definition in the vascular anatomy that defines blood flow circulation is required.
Defining a model of the CVS implies truncating the arterial network at a certain level. This truncation introduces natural limitations to the model with respect to predicting hemodynamic quantities (pressure and flow) at specified locations in the network. With a large number of arterial vessels in the definition of the vascular anatomy, it is possible to carry out investigations on both central and regional hemodynamics and their interplay, as well as to establish the fundamental connection between the arterial architecture and the differential (and regionally distributed) blood supply within organs and other vascular territories through perforator vessels. This sole fact constitutes a monolithic argumentation for the development of a highly detailed topological description of the vascular anatomy in the CVS.
The aim of this study is to make use of available anatomical data and physiological concepts to create an unprecedented and groundbreaking computational model of the entire arterial network to set the groundwork to perform cutting-edge cardiovascular research supported by modeling of physical phenomena and simulation-based techniques. Hereafter, we use the appellation ADAN model that stands for Anatomically Detailed Arterial Network model. In the arterial topology of the ADAN model, segments, branching points, anastomoses, and collateral circuits are mapped into an anatomically realistic 3-D space in compliance with the field of knowledge of descriptive anatomy. Also, the concept of perforator arteries and vascular territories is merged with modeling entities to aid in the definition of blood flow distribution. This results in a truly realistic and anatomically consistent arterial organization that enables setting up, from the hemodynamics point of view, a wide range of physiological and pathophysiological cardiovascular scenarios. A discussion of the role of this kind of model in clinical and modeling applications is given in the Section IX of the Supplementary Material.
With respect to the underlying mathematical model, we do not go into unnecessary sophistication, which may obscure the novelty of this study. We make use of well-established 1-D NavierStokes equations in compliant vessels and lumped Windkessel models for the peripheral beds. Specifically, a nonlinear viscoelastic wall behavior is used with nonlinearities arising from collagen contribution. Also, tapering in arterial vessels is considered.
Criteria for the selection and determination of geometrical parameters are exposed, as well as the criteria for the setting of material parameters and outflow conditions. Finally, numerical results are presented, and the global features of the blood circulation predicted by the ADAN model are discussed. These results prove that the so-constructed model produces physiologically meaningful results, which are in agreement with published patient records at different levels of comparison.
The model is further assessed through a detailed sensitivity analysis in which regional perturbations of model parameters are carried out to evaluate the impact on the pressure pulse in central and peripheral arteries. At last but not least, some of the model parameters are modified to target pressure measurements taken from a specific young subject. Such comparisons against in vivo data from the same subject provide clear evidence of the predictive capabilities of the ADAN model. This paper is organized as follows. In Section II, the arterial network is described. In Section III, the criteria to define model parameters is exposed. Governing equations and complementary model parameters are presented in the Sections I-IV of the Supplementary Material. Numerical assessment of the hemodynamics in a healthy subject is presented in Section IV. The sensitivity analysis is developed in Section V, while comparisons against patient-specific pressure measurements are performed in Section VI. Finally, concluding remarks are outlined in Section IX.
II. GLOBAL FEATURES OF THE ADAN MODEL
The ADAN model was outlined in 3-D space using data extracted from classical anatomical textbooks [39] , [40] , featuring the average vascular anatomy of a man. Arterial pathways were mapped aided by a digital dataset of a human skeleton as scaffold. Almost every single arterial vessel with a well-established name according to the anatomical terminology has been included in the model. The convention employed here follows [39] , which is the International Anatomical Terminology. This amounts to have, within the model, 1598 named arteries, plus 544 smaller vessels called perforator arteries, which ultimately supply blood to peripheral regions. Overall, 2142 arterial vessels are in the model, considering repetitions. Arterial segments were drawn using cubic splines in software Autodesk 3ds Max (version 2010).
The model is 170 cm in height, with an equivalent body surface area 16488 cm 2 (measured from the surface of vascular territories, see [41] ). With respect to morphometry, vessel lengths resulted naturally from combining branching/anastomotic locations, retrieved from the descriptive anatomy textbooks, and taking into account the measures of the scaffold. In turn, the diameter of each arterial vessel was retrieved from studies published in the literature, and processed as explained in Section III. This resulted in a large dataset, which represents a unique data collection complementing descriptive anatomy textbooks. The number of specific organs (kidneys, liver, etc.) to which blood is supplied is 28 and the number of vascular territories considered to split blood delivery to distributed organs (muscles, skin, etc.) is 116. The full model dataset has been made publicly available at http://hemolab.lncc.br/adan-web (see [42] ). Fig. 1 , Panel (a), displays the ADAN model on top of the human skeleton, for ease of visualization. Observe that the large collateral circulations are present in the model. For instance, the redundant circulation in the neck and head and the extracranial vasculature, as well as the complex vascularization of the brain (Panel (b)); the posterior intercostal arteries arising from the aorta to join the anterior intercostal arteries, which arise from the internal thoracic artery (Panel (c)); the mesenteric circuits including the anastomotic arcades of ileal and jejunal arteries (Panels (d) and (f)). Other instances include the patellar network of the knee; and palmar and plantar arches, among others. In Fig. 1 , Panels (e) and (f), respectively, present a direct comparison of the vascular structures of kidneys and mesentery against real anatomic pieces prepared in the Anatomy Department of the Medical School of Petrópolis. Such comparison makes evident that the complexity of the real vascular anatomy is accounted for in the ADAN model.
It is worthwhile to highlight that the line drawing in 3-D space was motivated by 1) the resulting undeniable visual appealing of the ADAN model for the medical community; 2) the straightforward possibility of using the ADAN model as an anatomical and functional atlas [42] ; 3) the development of enriched 1-D blood flow models to account for curvature effects on hemodynamics [43] , [44] .
III. GEOMETRICAL PARAMETERS

A. Vessel Length
Vessel lengths resulted from drawing in 3-D the arterial vessels on top of the digital skeleton employed as scaffold (see [42] ). Most of the arterial vessels have multiple occurrences. In such cases, the lengths may vary, and the range reported there stands for such occurrence variability.
B. Lumen Radius
1) Data Sweeping:
Raw data were obtained from morphometric, anatomic, clinical, and surgical studies, among others. This comprised two kinds of data: external diameters from dissection studies, and lumen radii from imaging studies. After this data sweeping process, the bibliographic data were organized according to the main regions of the body. The comprehensive list of final papers from which data were retrieved is provided in [42] .
2) Data Selection: From the raw data, the final value of vessel diameter was defined considering the following criteria. 1) Range: Most of publications in the field report average and standard deviation or min-max range for arterial diameters; in any case, the final arterial diameter is always within the ranges reported in the literature. 2) Gender: When specified, data for males were selected.
3) Hierarchy: Criteria were first applied to define the diameter of larger arteries, and just after this, the diameter of smaller vessels was defined. 4) Coherence:
1 Vessel diameter always respected proximaldistal coherence, that is, a given vessel is always larger than branching vessels located downstream. 5) Source Data: A given radius was defined based either on dissection studies or on imaging studies, in any case, were these two sources of data combined. 6) Type: As with the source data, a certain radius was defined based either on internal diameter data or on external diameter data. 7) Exceptions: In the case of lack of data, arterial diameter was estimated using four different approaches. a) Murray law: The relation between the radius of the upstream vessel R u and downstream vessels R d1 , R d2 follows the power law (Murray law):
The radius is considered to be equal to surrounding vessels (for instance, the anterior superior pancreaticoduodenal artery is located as the continuation of the gastroduodenal artery and preceding the inferior pancreaticoduodenal artery, so the average of the last two arteries was used for the former one). c) Similarity: The vessel radius is equal to the radius of an anatomically similar vessel (for instance, posterior tympanic artery was considered similar to the superior tympanic artery). d) Image measure: The vessel radius is estimated from the relative measure between an unknown arterial radius and some known surrounding vessel radius (for instance, the umbilical artery was estimated by comparing it to the internal iliac artery). Noteworthy, just 101 out of 1598 arterial vessels (6.3%) in the model were exceptions.
3) Determination of Lumen Radii: In some cases, the definition of arterial caliber was based on imaging studies from which internal diameters were retrieved, say D i . However, most of the times, the arterial diameter was defined based on dissection studies reporting the external vessel diameter, say D e . Then, the internal radius R was finally obtained as follows:
The second formula relies on the known value of the arterial wall thickness h, or equivalently on the known relation h/R o , which in this study is related to the internal radius (see next section). 
4) Arterial Tapering:
Linear tapering was considered for the larger vessels. In all cases, the definition of the tapering was such that proximal-distal coherence was satisfied (see Section III-B2).
C. Wall Thickness
In [26] , the lumen radius R o and wall thickness h are reported for a large number of arterial vessels. Curve fitting of such data was performed to produce the following relation: 
IV. HEMODYNAMICS IN THE ADAN MODEL
In this section, numerical simulations are presented. Standard governing equations for the flow of an incompressible fluid in compliant pipes are considered in each arterial segment. Proper coupling conditions at junctions are also postulated, as well as terminal Windkessel models. The full set of equations is given in Section I of the Supplementary Material. Model parameters related to arterial wall behavior and terminal models are calibrated using criteria exposed in Sections II and III of the Supplementary Material, respectively. The interested reader is referred to [41] for a detailed account on the criteria to distribute flow to organs and other vascular territories. Additional ingredients present in the numerical simulations can also be found in the Supplementary Material.
First, we present and discuss pressure and flow waveforms. Second, some well-known cardiovascular indexes are introduced to assess the overall cardiovascular state predicted by the model, also performing a comparison with reference values. A word on validation/verification is given at the end of the section.
A mechanistic discussion of the model predictions and of the sensitivity analysis (see Section V), using for example, wave intensity analysis [45] and decomposition of waveforms into forward and backward travelling waves [46] , is out of the scope of this paper and will be a matter of a future contribution.
A. Pressure and Flow Rate Waveforms
The panels presented in Fig The pressure pulse at the aortic root (Panel 8) is a typical record, which corresponds to a healthy young subject [47] , with the characteristic concave diastolic decay [48] . At the thoracic aorta (Panel 9), a characteristics flow waveform is predicted, in agreement with [34] . Blood flow in the abdominal aorta (supraceliac location, Panel 10) features a biphasic waveform with flow reversal in early diastole, while a triphasic waveform with forward flow in late diastole is observed in the distal part of the abdominal aorta (infrarenal location, Panel 11), which is in agreement with measurements in normal subjects [49] .
Arterial segments supplying abdominal organs (Panels 12-17) present characteristic waveforms, which are well predicted by the present model according to measurements in control patients, in particular flow at the superior and inferior mesenteric arteries (Panels 12 and 13, respectively) as well as liver vessels (common hepatic and proper hepatic arteries, Panels 14 and 15, respectively) [50] , [51] . Specifically, low resistance flow signatures (unidirectional flow) are observed at arteries supplying vascular beds, which require continuous blood supply such as hepatic vessels and renal arteries (Panel 16), while high resistance patterns (alternating flow direction and reduced diastolic flow) are observed in vascular beds such as those supplied by the mesenteric arteries (at fasting state) and the gastric vessels (Panels 17). The main complex of vessels supplying the lower limb (common iliac-external iliac-femoral-popliteal-posterior tibial, Panels 18-22) features a triphasic flow contour which is a classical signature of the blood flow at those locations. The pressure pulse predicted at the posterior tibial artery (Panel 22) is very close to measurements published in [52] .
With regard to the vessels supplying the brain, at the common carotid artery (Panel 1), the flow is in close agreement with experimental findings in [53] , featuring a mixed type of flow curve, which is the result of a low resistance signature from the internal carotid (Panel 2), indicating continuous flow supply as required by the brain, and a high resistance signature from the external carotid (Panels 3), resulting in minimal diastolic flow directed toward the extracranial region [51] . In the same manner, flow at the vertebral and basilar arteries (Panels 4 and 5, respectively), as well as other arteries in the brain such as the anterior cerebral artery and the pericallosal artery (Panels 7 and 6, respectively) present antegrade flow supply. A quantitative analysis of regional brain flow distribution in the ADAN model matches ranges reported in [54] concerning the tributary arteries to the circle of Willis, as shown in Table I . We highlight that the data in Table I taken from [54] were not used in the calibration process.
Alteration of the pressure pulse as it travels along the aorta toward the lower limbs is in good agreement with results published in [33] (see also Fig. 3 ). The dicrotic notch in the pressure pulse smoothes out as we move distally, while the anacrotic pulse becomes steeper as we move from central to distal locations. In turn, mean, systolic, and diastolic pressures are within the values found in healthy population. This can be seen in Fig. 3 , where the pressure pulse is shown as we move from the aortic root to the peripheral regions, particularly toward the lower limb. While the mean pressure decrease is of the order of 4 mmHg, diastolic pressure reduces 10 mmHg, and systolic pressure increases 30 mmHg. In such figure, it is evident the wave propagation phenomenon and the increase in the steepness of the anacrotic pulse. This pressure propagation phenomenon can be better appreciated through the animated visualization available as Supplementary Material.
B. Input Impedance
Impedance analysis has been widely used for characterizing the arterial system (see [47] and [55] and references therein). Main reflection patterns are manifested in the aortic impedance, and the oscillatory behavior is able to indicate some global features of the arterial function, such as impedance mismatch. The impedance Z-modulus and phase-at the aortic root was computed as a function of the frequency f . Fig. 4 presents the results up to the 14th harmonic.
Impedance at zero frequency is Z 0 = 1205 dyn s/cm 5 , while characteristic impedance, taken as the average of the impedance moduli for frequencies larger than 2 Hz, is Z C = 46 dyn s/cm 5 . These values are very close to the data reported in [47] (Z 0 = 1168 ± 80 dyn s/cm 5 and Z C = 45 ± 7 dyn s/cm 5 ). Fig. 4 shows the relative value of the impedance to the characteristic impedance (Z/Z C ) and the impedance phase. In general, the model features an impedance spectrum in compliance with a type B curve according to [47] . According to the data reported in that work, type B curve corresponds, in average, to a 33-yearold subject. [61] . HR: heart rate, CO: cardiac output, SBP: systolic blood pressure, DBP: diastolic blood pressure, AI: augmentation index, ABI: ankle-brachial index. PPA: pulse pressure amplification. PW V : pulse wave velocity. Subscripts (arteries): A: ascending aorta, B: brachial, C: common carotid, F: femoral, D: dorsalis pedis.
C. Cardiovascular Indexes
In Section VII of the Supplementary Material, the motivationto-use and definition of several cardiovascular indexes is given. All the values for these indexes predicted by the ADAN model are reported in Table II . In such table, some reference values are given. It is worthwhile to comment that all these indexes are within the ranges corresponding to healthy young subjects. Although these data were taken from diverse reference studies, they provide a glance of the current cardiovascular state of the ADAN model, and the consistency of the calibration criteria. Table III reports the pulsatility index (PI) for several arteries in the brain. These results are in close agreement with data published in [62] , according to which the present model features pulsatility indexes, which are within the range of variability of healthy (nondemented control) subjects. As concluded in [62] , this index can be used to assess functionality of brain circulation.
D. On Model Validation/Verification
Regarding validation, previous sections were devoted to comparing our results with multiple data published in the literature, namely: waveforms, arterial impedance, and cardiovascular indexes. We do not claim that model validation/comparison is a closed problem. Instead, we place our work on top of existing validations and verifications of 1-D models, such as those reported in [31] , [34] , and [35] (see Section VIII, for an extended discussion). We take this for granted, and created the unmatched computational vascular anatomy presented here to perform numerical simulations with a machinery (1-D blood flow solvers), which has already been proved to be reliable. This hypothesis is reasonable because we are not at the level of capillaries, in which suspensions introduce important effects. Yet the behavior of the viscosity can be debatable (see Section VIII), we still rely on the 1-D fluid mechanics governing equations. Indeed, we aimed at showing the ability of the model in predicting physiologically realistic hemodynamic conditions at different sites of the arterial network to simulate physical phenomena, which are far beyond the capabilities of existing computational models of the arterial tree. V. SENSITIVITY ANALYSIS In this section, we limit to studying the impact in the pressure waveforms caused by changes in the compliance of vessels (elastic modulus E e ). This parameter is perturbed by a factor θ e from the baseline situation. Perturbations were defined by setting θ e ∈ {1.0, 1.3, 1.6, 2.0, 3.0, 4.0}. This choice was motivated by the fact that arterial stiffening is found to be a characteristic present in several cardiovascular diseases (e.g., hypertension and aging). Baseline condition is θ e = 1. Here, we study the sensitivity with respect to perturbations of parameters on groups of vessels belonging to different vascular regions. In total, the parameter θ e was canonically perturbed in 23 regions, i.e., (1, . . . , 1, θ e , 1, . . . , 1), being different from 1 at region k, k = 1, . . . , 23. Here, we limit the presentation to a subset of regions for which perturbation resulted in more expressive sensitivities. This subset of regions is displayed in Table IV (with the corresponding abbreviations).
We stress here that the computed sensitivity is exclusively representative of the arterial network. Evidently, arterial-cardiac coupling is expected to be important when parameters undergo substantial modifications.
The discussion that follows is focused on the sensitivity of the pressure pulse throughout the path defined by the vascular complex formed by the aorta, iliac, femoral, popliteal, tibiofibular, and posterior tibial arteries. We have chosen this path due to the significance when assessing the systemic state by means of different indexes (e.g. ABI, PWV, etc.) involving hemodynamic quantities measured in these arteries.
The sensitivity is quantified in time, through the cardiac cycle, and in space, in terms of the distance to the aortic root, as follows:
where t is the time coordinate in the cardiac cycle of duration T , ξ defines the distance to the aortic root, with ξ max the maximum distance given by the distalmost location in the posterior tibial artery, within the calcanean region, ΔP 1 is the pressure pulse (systolic pressure minus diastolic pressure) in the baseline condition andP X (t, ξ), X ∈ {1, θ e } (baseline: 1 and perturbed θ e , respectively), is the mean-free pressure waveform, hereafter referred to as normalized pressure, at position ξ and through time t. The reason to choose a normalized pressure was to reveal the way in which reflections are maximized and/or minimized when altering the regional arterial stiffness. Sensitivity maps are presented in Fig. 5 (additional sensitivities are reported in the Section VIII of the Supplementary Material). Such maps correspond to the locations for which the maximum absolute value of s P exceeded 5% for some time instant. In these time-space maps, the first 42 cm characterize the aorta artery, the second 51 cm correspond to the iliacfemoral complex and the last 55 cm are formed by the poplitealtibiofibular trunk-posterior tibial complex. The horizontal white lines in Fig. 5 demarcate these regions.
Qualitatively, the sensitivity results are similar for the different values of θ e . Then, we choose to present the sensitivities for the perturbation factor θ e = 4.0 because it yields more visible changes.
According to (3), increase of the normalized pressure with respect to the baseline condition corresponds to positive values of s P , while decrease of the normalized pressure is represented by negative values of s P . In Fig. 5 , the white lines indicate the isolines s P = 0.
Alterations in the stiffness of the aortic arch yield a very particular sensitivity map resembling two fingers arising from the aortic root with an inclination given by the pulse wave velocity [see Fig. 5(a) ]. The values of s P are the largest observed in Fig. 5 for the region of the aorta and the region of the iliac-femoral complex (larger finger). Also, the concavity of the pulse at the aortic root is largely determined by the material behavior in the aortic arch (smaller finger). As for the stiffening of the thoracic aorta [see Fig. 5(b) ], the s P map is slightly different from the previous case. Pressure is increased in a wider window of time. However, unlike stiffening the aortic arch, perturbations smooth out as we move to the popliteal-tibiofibular-posterior tibial complex.
Stiffening of the abdominal aorta yields a completely different s P map [see Fig. 5(c)] . A single finger arises at the aortic root, with smaller sensitivities in the aortic region than previous cases. Right before the iliac bifurcation, the finger is split into two fingers, which travel to the distal beds. This pattern is similar to the one obtained from stiffening the vessels of the pelvis [see Fig. 5(d) ]. The first finger from left to right is more affected from the stiffening of the pelvis, while the second finger is similarly affected by stiffening the pelvic vessels or the abdominal aorta.
Stiffening of the region of the hip and thigh [see Fig. 5 (e)] feature a s P map, which is characterized by a single finger in the aortic region arising at the middle part of the cardiac cycle, and two fingers arising right before the iliac bifurcation. Proximally, in the aortic region, the sensitivity s P is larger when stiffening the region of the hip and thigh than when stiffening the lower leg and the foot (see Supplementary Material), and the same holds for the iliac-femoral complex in the early finger. The s P map when stiffening the region of the knee [see Fig. 5(f) ] is characterized by a single finger in the aortic region arising at the middle part of the cardiac cycle, and two fingers arising right before the iliac bifurcation. Proximally, in the aortic region, the sensitivity s P is larger when stiffening the region of the hip and thigh, and the same holds for the iliac-femoral complex in the early finger. Fig. 6 (a) presents the pressure contour for three characteristic locations each one placed in one of the regions analyzed (see regions delimited in Fig. 5 ). This result is to be used as baseline scenario for comparison against pressure contours displayed in the rest of the plots of Fig. 6 . Note in Fig. 6(b) that the stiffening of the aortic arch has a strong impact in the systolic pressure rise, while making more pronounced the dicrotic notch. It also dominates the definition of the aortic pressure range (systole-to-diastole) not only in the aorta, but also in peripheral vessels. Instead, the stiffening of the thoracic and abdominal aorta affects mostly the mid and late part of the systolic peak, by rounding the systolic peak and vanishing the inflection point, respectively [see Fig. 6 (c) and (d)]. Differently from aortic arch stiffening, thoracic and abdominal aorta stiffening do not impact significantly on the amplification of the distal pressure pulse.
From this analysis (see also the Supplementary Material), it can be concluded that the model is able to predict a wide variety of pressure pulses at central and peripheral vessels. The same holds for other peripheral vessels such as vessels supplying the brain and the upper limb. These results are omitted here for the sake of brevity.
This sensitivity analysis has been used to guide the calibration of the ADAN model to target a patient-specific case, as will be seen in Section VI.
VI. CALIBRATION TARGETING A PATIENT-SPECIFIC CASE
This section presents a version of the ADAN model targeted to predict pressure contours obtained from invasive measurements.
A. Patient Description and Data Acquisition
ECG-gated pressure measurements were obtained invasively from a 32 year-old individual with suspected coronary disease. In [63] , it is reported that arterial stiffness is increased in patients with premature coronary disease. However, the patient's diagnostic cardiac catheterization revealed no signs of significant coronary obstruction. Measurement of fractional flow reserve of an angiographically intermediate lesion confirmed the absence of coronary stenoses. Pressure measurements were acquired using a fluid-filled cardiac catheter, which run from the femoral artery towards the coronary ostia. In the pathway, pressure contours were acquired at the following locations: ascending aorta, braquiocephalic trunk, left common carotid (proximal), abdominal aorta (renal level), abdominal aorta (above iliac bifurcation), and right external iliac.
From pressure records, ten cardiac cycles where extracted for each arterial vessel. An average pressure waveform was then obtained. 
B. Model Parameters
The inflow boundary condition was slightly adjusted to match global behavior of the pressure pulse as follows:
1) the cardiac period T , which was determined from the ECG, resulting in T = 0.92 s; 2) the averaged inflowQ in was scaled to match normal cardiac output according to age [64] , resulting inQ in = 106.76 cm 3 /s (i.e., 6.4 L/min); 3) the inflow upstroke was specified to match the pressure upstroke; 4) the time at which flow reversal occurs and the magnitude of backflow were modified to match the position and size of the dicrotic notch. Wall model parameters were modified to match the pressure contour predicted by the model with those obtained invasively. By manual inspection, and following the insight obtained with the sensitivity analysis from Section V, the factor θ e was regionally modified as reported in Table V (denomination of regions  follows Table IV ). Recall that this parameter modifies the elastic parameter E e , which for the baseline condition is specified in Section II of the Supplementary Material.
C. Comparison Against Patient-Specific Measurements
The comparison between pressure waveforms is presented in Fig. 7 . Overall, the agreement between the results predicted by the ADAN model and the waveforms measured for this specific patient is promising. Remarkably, this affinity has been achieved in a manual manner, guided (by visual inspection) by the sensitivity analysis performed in the previous section. Future developments involving a larger population will require a more objective strategy for assessing and quantifying such agreement.
At the ascending aorta [see Fig. 7(a) ], the predicted pressure follows closely the measurement, both during systole and diastole. The overpressure occurring at late systole is diminished and rounded in the ADAN model, being less sharp. The agreement of the waveforms through the abdominal aorta increases as we move distally (see Fig. 7(b) and (c), respectively) . The agreement in those cases is better during diastolic decay, while systole is marked by differences in the upstroke and sharpness of the systolic peak. At the external iliac artery [see Fig. 7(d) ], the agreement is also satisfactory. The ADAN model predicts a pressure pulse, which is consistent with the measurement in the entire cardiac cycle. As well, the agreement is very good at proximal locations such as the brachiocephalic trunk [see Fig. 7 (e)] and the common carotid artery [see Fig. 7(f) ]. At these locations, it is observed that both, model and patient, evolve toward a pressure pulse, which, during systole, is more rounded when compared with the pressure contour at the ascending aorta.
The results presented in this section are promising and constitute a small demonstration that the ADAN model is capable of predicting patient-specific conditions, once proper data are available. Even without any information about the inflow condition (just performing basic modifications), it has been possible for the ADAN model to mimic the behavior of the system for this specific patient (in the sense of the available data) with very good agreement in view of all the uncertainties present in the modeling process. Discrepancies in the pressure waveforms analyzed can be caused by mismatch between the morphometry of the ADAN model and that of the patient, as well as by differences in the spatial location at which data was acquired in the patient and model results were assessed. Also, the measurement of at least one flow rate contour in a central artery would greatly contribute to further improving the predictive capabilities of the ADAN model.
Again, it has to be stressed that the results have been achieved by manual inspection of model parameters (see Table V) , and a more objective quantification of the agreement is in order. In this regard, there is room for improving model predictions by pursuing, for instance, a parameter estimation strategy (see [37] ).
Evidently, since no further measurements nor data about the patient are available, the obtained parameters may not have a direct relation with the real in vivo conditions of the patient. We stress that several basic features of the cardiovascular system were simplified. For instance, it is known that cardiac function can greatly affect pressure pulse formation. This is a limitation of the present model, as discussed in Section VIII.
VII. ANATOMICALLY DETAILED VERSUS 55-ARTERY MODELS
This section presents a qualitative and quantitative analysis of the model predictions by contrast with a model well established in the literature comprising the 55 major arteries. Such simplified model was successfully used in previous publications [29] , [65] , as well as also as model baseline for the more detailed model developed in [34] .
The goal here is to analyze the effect of the highly detailed anatomical vasculature in the model predictions. This analysis is carried out in three cases: 1) the healthy condition, 2) presence of a stenosis in the internal carotid artery (ICA), and 3) presence of stenosis in the subclavian artery (SA).
In all tested cased, time and spatial discretization are the same for both models. The root mean square error (RMSE) is used to perform quantitative comparisons. Pressure RMSE is normalized to the pressure pulse amplitude and the flow rate RMSE is normalized to the maximum systolic flow rate value.
A. Simplified Model Calibration
The 55-artery model was constructed by truncating the ADAN model to the 55 major arteries according to [29] . Hereafter, this model is referred to as "ADAN-55." Calibration of arterial wall parameters in the ADAN-55 model was performed using the same criteria as for the ADAN model. Consequently, arterial lengths are the same of the ADAN model. As outflow condition, the average flow was measured in the arteries of the ADAN model corresponding to the terminal arteries of the ADAN-55 model, and terminal resistances were calculated such that this flow distribution is satisfied. Thus, in the ADAN-55 model, the total outflow is evidently a fraction of the total blood flow (77.2% of the ADAN total inflow). To make results comparable, the remaining flow (22.8%) was considered to go to the peripheral beds in the arms and legs within the ADAN-55 model, with a fraction proportional to the flow these vascular regions receive. Finally, the resistances were scaled to have the same average pressure at the aortic root.
For the terminal compliance, all Windkessel terminals of the ADAN-55 model have a compliance such that the total compliance of the model is the same (computed using the linear contribution of the elastin). Regional compliance is determined proportionally to the flow. Although a more refined compliance distribution could have been taken from the downstream vasculature in the ADAN, the present choice is taken because is a standard hypothesis assumed in the field [29] , [66] .
B. Healthy Condition
In the healthy condition, both models render comparable behavior in the aorta artery as shown in Fig. 8(a)-8(d) . While the pressure contour is remarkable similar, the flow rate is similar during systole, and differences arise during diastole caused by the combination of reflections arriving from the periphery. At brachial and radial arteries (see Fig. 8(e)-8(f), respectively) , the blood flow is considerably overestimated by the ADAN-55 model. In such cases, the ADAN model predicts a realistic average blood flow because of the existence of vascular territories along the pathway. As a consequence, the pressure drops more in the ADAN-55 model as we move toward the periphery. In the lower limb [see Fig. 8(g)-(h) ], the pressure contour is similar, and the flow features differences, which can be explained by the same arguments given above for the upper limb. Waveforms at the common carotid and internal carotid arteries are also compared in Fig. 8(i)-(j) , respectively. It can be seen that the predicted pressure pulse, mostly during systole, differs as we move toward the brain, caused by the existence of more arterial vessels and connections. It can be appreciated that the ADAN-55 model overestimates the flow rate pulsatility, Table III) . Finally, waveforms at the renal artery and at the inferior mesenteric artery are compared (see Fig. 8(k)-(l), respectively) . As in the previous comparisons, the pressure predicted by both models is in agreement except for subtle differences around the dicrotic notch [see particularly Fig. 8(e) , (j), and (l)]. As for the flow rate contour, the differences are important at both vessels (renal and inferior mesenteric). In the case of the renal artery, this could be explained by the effect of downstream vasculature and configuration of arterial walls in peripheral vessels of the ADAN model, which differs from the simple terminal model employed in the ADAN-55 model. In turn, at the inferior mesenteric artery, in addition to the previous explanation is the fact that inferior and superior mesenteric arteries are anastomosed (through the marginal artery of the colon) and the blood supply to the mesentery is accomplished by a highly intricated vascular network. This connection established a more complex hemodynamic interactions, which leads to the substantial differences observed in Fig. 8(l) .
A quantitative comparison of the results is given in Table VI using the RMSE index [35] . The RMSE for the pressure is normalized by the pulse pressure amplitude, and for the flow rate it is normalized by the systolic flow. Both reference values are taken at the corresponding vessel as given by the ADAN model. The reported values support the discussion of the previous paragraph. In addition, the RMSE for the vertebral artery (VA) is presented, which will serve for reference for the next section.
From the results presented in this section, we can conclude that, with proper parameter manipulation, the results predicted by the ADAN model and by the ADAN-55 model could have a better agreement. In next sections, we provide illustrative examples of disease, which serve as solid rationale for the development of the present ADAN model.
C. Stenosis in the ICA
In this example, we introduce a resistive model in the left ICA calibrated such that the pressure drop in the ADAN model is approximately 15 mmHg. This corresponds to a stenosis with degree of constriction over 60% of the luminal diameter, as reported in [67] . Then, the same resistive model was introduced in the ADAN-55 model. Table VII presents the modification of average blood flow from the baseline condition as predicted by the ADAN model and by the ADAN-55 model. It is observed that the neck vasculature suffers significant alteration of the blood supply in the ADAN model, as compared with the ADAN-55 model. That is, the highly collateralized network supplying the brain is functional to the stenosis at the ICA, resulting in a total cerebral blood flow reduction predicted by the ADAN model of only 1.5% when compared with the exaggerated flow reduction of 12.96% given by the ADAN-55 model.
In Fig. 9 , we compare hemodynamic variables in the left ICA at a postobstructive location and at the left VA. Clearly, the flow waveform is absolutely different at the ICA. The ADAN model predicts a dampened postobstructive flow waveform (almost the absence of flow pulse), differently from the ADAN-55 model that displays a resistive flow signature. The drop pressure between the healthy condition and the stenosis condition in the ADAN model is 15 mmHg, while, in the ADAN-55 model, it is overestimated, being 37 mmHg. This is the result of the ex- istence of connectivity among vessels in the ADAN model that provides collateral pathways for the blood to reach the brain. In Table VIII , the normalized RMSE is presented for pressure and flow rate the ICA and the VA. It can be seen that these values increased with respect to the values reported in the healthy condition (see Table VI ) implying that the response of two models differ more in the case of disease. As well, we analyze the collateral function by studying the sensitivity of the blood flow to the presence of the stenosis as given by the ADAN model. This is not possible in the ADAN-55 model for obvious reasons. Fig. 10 presents the pressure and the flow rate at the ICA and at the VA, as well as the modification of the hemodynamic environment at the middle cerebral artery (MCA), the anterior cerebral artery (ACA), the posterior cerebral artery (PCA) and posterior communicating artery (PcomA). It can be seen that the right ICA [see Fig. 10(b) ] and both VA [see Fig. 10 (c) and (d)] conduct more blood to the brain to compensate for the flow reduction caused by the stenosis through the left ICA (see Fig. 10(a) and Table VII ). This excess of blood is then sent through the anterior communicating artery (not shown in that figure) and the left PcomA, inverting the main direction of flow [see Fig. 10 From the results, it is also noticed that the right cerebral hemisphere suffers less the consequences of the stenosis than the left hemisphere [compare Fig. 10(e)-10(f) and Fig. 10(g)-(h) ], Clearly, the present model is a powerful tool able to provide fundamental mechanistic insight about the regional effect of stenoses in the cerebral circulation, and its impact on associated diseases such as stroke and transient brain ischemia.
D. Stenosis in the SA
The existence of a severe stenosis in the SA proximal to the VA is known to produce the so-called subclavian steal syndrome (SSS) through which the arm "steals" blood from the brain causing vertebrobasilar insufficiency. This phenomenon is actually due to the connection between the distal SA and the ICA through the circle of Willis and the VA. In patients with this kind of disease, retrograde VA blood flow is observed and brain ischemia can be produced in the case of arm exercise.
Thus, to simulate this condition, and in the same spirit of the previous section, we consider a resistive model in the left SA proximal to the VA, which is tuned to deliver a pressure drop in the ADAN model of approximately 10 mmHg (actually, SSS is suspected when the pressure difference between arms is over 20 mmHg). The same stenosis model is employed in the ADAN-55 model. The pathological condition is then characterized by a pressure difference between arms of 9.5 mmHg in the ADAN model and 9.9 mmHg in the ADAN-55 model.
The normalized values of the RMSE for flow rate and pressure, comparing the responses of the ADAN and ADAN-55 models, at the left VA are RMSE = 101.51% and RMSE = 18.85%, respectively. These values are larger than those reported in the healthy case (see Table VI ). Particularly, the much larger value of the RMSE in the flow waveform can be explained by the retrograde blood flow predicted by the ADAN model, opposed to the unrealistic antegrade flow given by the ADAN-55 model. In Fig. 11(a) , the healthy and stenosis conditions as predicted by the ADAN model are compared. In such figure, the "steal" phenomenon during systole is effectively predicted. In addition, the normalized RMSE for flow rate and pressure, comparing ADAN and ADAN-55 models, at the right VA are RMSE = 24.78% and RMSE = 15.05%, respectively. These values reflect the difference in both models due to the increase in the blood flow given by the ADAN model, contrary to the almost invariant flow given by the ADAN-55 model. In Fig. 11(b) , the flow increase with respect to the healthy condition is observed at the right VA in the case of stenosis. The previous discussion is complemented with the results of the ADAN model summarized in Table IX about the change in the average blood flow (relative to the baseline condition) provoked by the SSS in the main cerebral arteries. As in the previous section, in the ADAN model the arteries converging to the circle of Willis modify its function, increasing the blood they conduct to compensate the insufficiency of the left VA, and ultimately to provide blood to the left arm. From the results, one sees that the major changes are in both vertebral arteries, but also the both ICAs help to supply blood to the arm. Moreover, the present model is capable of providing further insight in assessing the impact of the SSS in the brain circulation. From the table, we conclude that the anterior and middle cerebral arteries are minimally affected by the stenoses in terms of average blood flow, while the average blood flow is reduced around 10% in the posterior circulation.
VIII. VALIDITY AND LIMITATIONS
This section is devoted to describe limitations in the modeling approach, which could explain discrepancies between model predictions and observations. The following sections extend the discussion presented at the end of Section VI-C.
A. On the Description of the Cardiovascular System
The present model accounts for the description of the arterial network with an unprecedented level of morphological detail. A natural limitation in the descriptive capabilities of the present model is the lack of systemic coupling with other active elements in the cardiovascular system. Closed-loop models of the circulation incorporating cardiac mechanics are known to be relevant in shaping the pressure contour as well as in certain pathological conditions [66] , [68] [69] [70] [71] . Another example is the local compensation produced by the brain in the presence of stenoses [72] , something that was not considered in this study. Improvement of the model depends on the kind of problem to be addressed. However, in any case, the ADAN model represents a baseline model to explore complex interactions with other subsystems, such as the venous system, the cardiac function, cerebro-spinal fluid system, central nervous system, etc.
B. On the Mathematical Modeling
Even accepting the validity of fluid mechanics equations in extremely tiny vessels, the question that remains open is about the modeling of viscous losses in such vessels. The present model employs a standard Poiseuille hypothesis for the flow. However, flow heterogeneity as well as the so-called Fahraeus and Fahraeus-Lindqvist effects can definitely pose challenges to develop an accurate model of effective viscosity at places (arterioles), where blood should be acknowledged as a suspension instead of a homogeneous fluid [73] . For example, it is widely acknowledged the shear-thinning effect caused by red blood cell aggregation. This point deserves further study when addressing in more detail problems related to microcirculation using 1-D models.
In addition, mathematical modeling using 1-D equations is limiting when trying to characterize more refined fluid dynamic factors, such as wall shear stress and pressure drop in geometrical singularities. Improved features can be found in [34] where a Womersley solution is employed to increase the description of the velocity profile and improve computation of viscous losses. As well, these aspects can be improved by resorting to enriched 1-D models [74] , or by using dimensionally heterogeneous (3-D-1-D) models to simulate with high degree of detail the hemodynamics in a specific arterial district [75] , [76] .
C. On the Parameter Calibration
As in most works in the field, parameter calibration is a delicate point. The criteria employed to determine blood flow distribution is based on physiological and anatomical concepts [41] . In turn, calibration of arterial wall parameters constitutes the major uncertainty in the system. The large number of parameters in the present model makes mandatory the search for morphologic laws to characterize parameters according to, for example, the size of the vessels and the amount of blood they carry. This point is starting to be addressed in the literature through the introduction of data assimilation strategies [37] , [77] , but further research and validation techniques are necessary.
IX. CONCLUSION
In this study, a novel model of the arterial network featuring high level of detail in the realization of the anatomical topology has been presented. This model, provided with stringent anatomical and physiological criteria for the calibration of parameters, proved to deliver predictions in agreement with data published in the specialized literature. Such predictions are not only in terms of local flow and pressure waveforms, but also in terms of global features such as network impedance, and wellknown cardiovascular indexes used for predicting cardiovascular diseases. Although there is still room for a refinement of the calibration process as well as for a more comprehensive validation procedure, the presented results indicate that the basic underlying criteria to calibrate the model parameters are satisfactory. The sensitivity analysis study performed following a regional perturbation strategy has been useful to elucidate the differential impact of model parameters in the conformation of the waveforms in both central and peripheral arteries. Furthermore, the agreement between model predictions and patient-specific pressure measurements reported in this study are extremely promising. In fact, even in such adverse scenario in terms of available data, such comparisons provide strong evidences about the feasibility of targeting the ADAN model to specific cardiovascular conditions.
The novel feature of the ADAN model is the extremely detailed anatomical description of the arterial network, characterizing the model as a comprehensive simulation framework that allows to tackle, from a numerical simulation perspective, complex problems in cardiovascular research that remain poorly understood. The ADAN model presents potential impact on the study and characterization of cardiovascular diseases, organ functioning, tissue microcirculatory perfusion, pharmacokinetics, pharmacodynamics and surgical planning, just to mention some big areas of application (see Supplementary Material).
Moreover, from the modeling standpoint, in view of the intrinsic 3-D description of arterial vessels, the ADAN model turns out to be the geometrical substrate on top of which more accurate blood flow models can be set up, going to hierarchicalenriched 1-D-realizations, to 3-D-1-D multiscale approaches or even full 3-D modeling (provided available computational resources grow accordingly). We strongly believe that this model is an innovative step toward a new generation of high definition computational models to assist cutting-edge cardiovascular research.
